Diabetic nephropathy (DN) is among the most lethal complications that occur in type 1 and type 2 diabetics. Podocyte dysfunction is postulated to be a critical event associated with proteinuria and glomerulosclerosis in glomerular diseases including DN. However, molecular mechanisms of podocyte dysfunction in the development of DN are not well understood. Here we have shown that activity of mTOR complex 1 (mTORC1), a kinase that senses nutrient availability, was enhanced in the podocytes of diabetic animals. Further, podocyte-specific mTORC1 activation induced by ablation of an upstream negative regulator (PcKOTsc1) recapitulated many DN features, including podocyte loss, glomerular basement membrane thickening, mesangial expansion, and proteinuria in nondiabetic young and adult mice. Abnormal mTORC1 activation caused mislocalization of slit diaphragm proteins and induced an epithelial-mesenchymal transition-like phenotypic switch with enhanced ER stress in podocytes. Conversely, reduction of ER stress with a chemical chaperone significantly protected against both the podocyte phenotypic switch and podocyte loss in PcKOTsc1 mice. Finally, genetic reduction of podocyte-specific mTORC1 in diabetic animals suppressed the development of DN. These results indicate that mTORC1 activation in podocytes is a critical event in inducing DN and suggest that reduction of podocyte mTORC1 activity is a potential therapeutic strategy to prevent DN.
Introduction
Diabetic nephropathy (DN) is a complication associated with both type 1 and type 2 diabetes and is a major public health problem in modern society. Despite considerable attention from both clinicians and basic scientists, the prevalence of glomerulosclerosis and end-stage renal disease (ESRD) in diabetic patients is increasing dramatically (1) . Thus, understanding the pathogenesis of DN is crucial to develop new therapies for its prevention and treatment.
Recent investigations have revealed that injuries to podocytes play a critical role in the development of many glomerular diseases including DN (2) (3) (4) . These highly differentiated glomerular epithelial cells with their modified intercellular junctions (slit diaphragms) between interdigitating foot processes contribute to the filtration barrier, which prevents plasma proteins from being lost into the glomerular capillary filtrate. Mutation of genes that encode slit diaphragm proteins such as nephrin and podocin causes congenital glomerular diseases, with massive proteinuria associated with podocyte injury (5) (6) (7) . Although molecular events underlying podocyte injury in metabolic glomerulopathies may differ from these genetic disorders, it has been postulated that podocyte dysfunction play a crucial role in the development of DN (8) (9) (10) . mTOR is an evolutionarily conserved protein kinase and forms two functional complexes, termed mTOR complex 1 (mTORC1) and mTORC2 (11) . mTORC1 is a rapamycin-sensitive protein kinase complex and regulates a wide array of cellular processes including cell growth, proliferation, and autophagy in response to nutrients such as glucose, amino acids, and growth factors (12) . In response to these stimuli, mTORC1 is activated by at least two families of ras-related small GTPases, Rheb and Rags (13, 14) . Although the precise molecular mechanisms by which these small GTPases activate mTORC1 remain elusive, GTPbound Rheb (active form) directly binds and activates mTORC1 (15) . Notably, active Rheb is suppressed by tuberous sclerosis complex (TSC) gene products. TSC is an inherited benign tumor syndrome characterized by the formation of multiple hamartomas in a wide array of organs (16, 17) . Germline mutations in either the TSC1 or TSC2 tumor-suppressor gene cause TSC. TSC1 and TSC2 form a functional complex in which TSC2 has GTPaseactivating protein (GAP) activity toward Rheb, while TSC1 stabilizes TSC2. Thus, loss of either TSC1 or TSC2 causes cells and tissues to display constitutive mTORC1 activation, contributing to their tumor phenotype.
Recent studies have reported that systemic administration of rapamycin prevents the progression of DN in mouse models of both type 1 and type 2 diabetes (18) (19) (20) (21) (22) . However, the molecular mechanism and site of action by which rapamycin prevents the development of DN are uncertain.
Here we report that podocyte-specific mTORC1 activation recapitulates many DN features, including podocyte injury, glomerular basement membrane (GBM) thickening, mesangial expansion, and proteinuria. mTORC1 activation in podocytes showed reversible structural and functional phenotypic changes that caused proteinuria, and continuous mTORC1 activation led to podocyte loss. Furthermore, genetic reduction of mTORC1 activity in podocytes by ablation of one allele of regulatory-associated protein of mTOR (Raptor; encoding RAPTOR), an essential component of mTORC1, significantly prevented the development of DN in diabetic mice.
These results indicate that site-specific activation of mTORC1 in podocytes plays a crucial role in the development of DN.
Results
Activation of mTORC1 in podocytes in DN. Systemic administration of rapamycin is known to prevent the development of DN in diabetic animals by unknown mechanisms (18) (19) (20) (21) (22) . Rapamycin treatment prevented glomerular hypertrophy, GBM thickening, mesangial expansion (Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/JCI44771DS1), podocyte loss, macrophage infiltration, and albuminuria (Supplemental Figure 1B ) without affecting blood glucose in db/db mice, which is mTORC1 activation in podocytes, and prevention of podocyte morphological changes by rapamycin treatment in db/db mice. (A) Foot process effacement in db/db mice is blocked by rapamycin (rapa). Glomeruli from mice at 25 weeks of age with the indicated genotypes were examined by TEM. Foot process width at the level of slit diaphragm was measured (100 foot processes/glomerulus, 4 glomeruli/mouse, 3 male mice/group); *P < 0.001 versus other groups, mean ± SEM. Rapamycin treatment (1 mg/kg, i.p. injection, 3 times/week) was performed from 8 to 25 weeks of age. Pod, podocyte. (B) mTORC1 activity is enhanced in the podocytes of diabetic animals. Double staining with anti-phospho-S6 and anti-WT1 antibodies was performed on frozen sections from mice of the indicated genotypes at 12 weeks of age. The arrows indicate enhanced phospho-S6 signal in the cytoplasm of db/db podocytes. Quantification of glomerular phospho-S6 (green) pixel density divided by glomerular area is shown. Data are expressed as fold induction (4 images per mouse, 3 male mice/group); *P < 0.001, mean ± SEM. Original magnification, ×13,500 (A); ×400 (B). a common model for obesity-related type 2 diabetes (22) . We also found that rapamycin treatment maintained the normal podocyte interdigitating foot process architecture, which was lost under diabetic conditions ( Figure 1A) . These data indicate that lowering mTORC1 activity in the diabetic animals also protects the architecture of filtration barriers that are damaged during the development of DN. To examine mTORC1 activity in glomerular cells, we measured the levels of S6 phosphorylation, a downstream target of mTORC1 that is frequently used as an in vivo indicator for mTORC1 activity. Although the intensity of S6 phosphorylation was much higher in the tubular regions compared with that in the glomeruli in both genotypes, we found that S6 phosphorylation in glomeruli was increased in db/db mice compared with db/+ mice ( Figure 1B ). Double staining with WT1, a podocyte nucleus maker, showed that S6 phosphorylation was enhanced in the cytoplasm of WT1-positive cells in db/db mice, indicating that mTORC1 activity was indeed elevated in podocytes. mTORC1 activation in podocytes causes mesangial expansion. To address whether activation of mTORC1 in podocytes contributes to podocyte injury and the development of glomerulopathy, we generated mice (PcKOTsc1) with a conditionally ablated Tsc1 gene in podocytes using a Cre expression cassette under the control of the Neph2 promoter (23) . Because TSC1 is an upstream negative regulator of mTORC1, loss of TSC1 should result in activation of the mTORC1 pathway (24) . Conventional Tsc1-KO mice die in embryonic stages due to cardiac and liver dysfunction (16) , but PcKOTsc1 mice were born at normal Mendelian ratios and grew normally (Supplemental Figure 2A ). We monitored mTORC1 activity over time by assaying the level of phospho-S6. Specific enhancement of phospho-S6 in podocytes was observed in PcKOTsc1 mice around 2 weeks after birth, suggesting that Cre recombination of the floxed Tsc1 gene was completed soon after birth (Supplemental Figure 2B ). At 4 weeks of age, phosphorylation of S6 in the majority of PcKOTsc1 podocytes was dramatically enhanced, and rapamycin treatment attenuated this as expected, indicative of a high mTORC1 activity in podocytes of PcKOTsc1 mice (Figure 2A ). Western blot analysis using glomerular proteins also showed that S6 was highly phosphorylated in a rapamycin-sensitive manner, whereas the levels of phosphorylation of Akt (Ser473), the site regulated by mTORC2 activity, was stable in PcKOTsc1 glomeruli ( Figure 2B ). PcKOTsc1 podocytes stained with WT1, a podocyte marker, were larger than those of wild-type mice (Figure 2A and Supplemental Figure 2C ). We found that large amounts of eosin- and PAS-positive materials were present in the mesangial area ( Figure 2A and Supplemental Figure 2 , D and E) of PcKOTsc1 mice. Furthermore, total glomerular cell number was decreased in PcKOTsc1 mice (Supplemental Figure  2F) , indicating that the glomerular phenotype seen in PcKOTsc1 mice was not associated with cell proliferation. Again, these phenotypic changes were not observed in rapamycin-treated PcKOTsc1 glomeruli ( Figure 2B ), PcKOTsc1 mice showed selective albuminuria starting at 2 weeks of age. The majority of PcKOTsc1 mice showed massive and nonselective proteinuria around 3-4 weeks age (Supplemental Figure 3A) . In contrast, neither heterozygous nor wild-type mice had proteinuria even after 8 weeks. Importantly, rapamycin treatment completely eliminated the incidence of proteinuria in PcKOTsc1 mice ( Figure 3 , A and B).
Transmission EM (TEM) analyses revealed an effacement of podocytes, as well as mild thickening and irregular shape of the GBM in 4 week-old PcKOTsc1 mice ( Figure 3C ). At 8 weeks, no podocyte foot processes could be identified ( Figure 3C ), and local loss of the fenestrations was observed (data not shown) in PcKOTsc1 mice. As expected, rapamycin treatment prevented all these pathological changes in PcKOTsc1 mice, indicating that mTORC1 activation in podocytes causes cell-autonomous phenotypic changes and dysfunction that lead to malfunction of filtration barrier. Strikingly, scanning EM revealed that mTORC1 activation in podocytes disrupted the normal architecture of foot processes with enlarged podocyte body ( Figure 3D and Supplemental Figure 2C ).
In both type 1 and type 2 DN, the number and density of podocytes are reduced, and the decreased number of podocytes per glomerulus is the strongest predictor of progression of DN (2, 3, 28, 29) . To investigate podocyte number in PcKOTsc1 mice, we determined average numbers of podocytes per glomerular tuft area by counting WT1-positive podocytes in PcKOTsc1 mice at various ages ( Figure 3E ). Indeed, the number of podocytes in 3- and 4-week-old PcKOTsc1 mice but not those in 1- to 2-weekold PcKOTsc1 mice was significantly decreased compared with those in wild-type mice. Furthermore, rapamycin treatment for 2 weeks prevented podocyte loss, indicating that mTORC1 activation causes loss of podocytes. Interestingly, these results also suggest that the podocyte loss may not be the sole reason for the initial proteinuria in PcKOTsc1 mice, because 2-week-old PcKOTsc1 mice exhibited proteinuria before apparent podocyte loss.
Given the fact that mTORC1 activation in podocytes induces autonomous podocyte injury and proteinuria, our data support the idea that diabetes-induced mTORC1 activation in podocytes may have a direct role in podocyte injury and proteinuria, thereby contributing to the progression of DN. mTORC1-dependent podocyte injury and dysfunction are reversible. Clinical experience suggests that tight control of blood glucose levels and/or the proper calorie restriction ameliorate proteinuria in early DN (30) . Therefore, we wanted to determine whether mTORC1-dependent podocyte injury is a reversible phenotypic change. To this end, we started rapamycin treatment from 4 weeks age in PcKOTsc1 mice whose podocytes were already injured (Figure 3) . Surprisingly, after only 2 weeks of treatment, the massive proteinuria observed at 4 weeks was largely diminished and finally disappeared at 10 weeks age (6 weeks treatment) in PcKOTsc1 mice ( Figure 4 , A and B). Histological and TEM analyses of glomeruli revealed that the eosin-positive compartments were cleared in the mesangial region ( Figure 4C ) and that foot process formation was significantly restored, although some irregular shape of the GBM still remained ( Figure 4D ). Scanning EM studies revealed that podocyte foot processes were regenerated around the podocyte body after 2 weeks of rapamycin treatment ( Figure 4E ). Although we observed different stages of glomeruli in which foot processes were regenerating in the same kidney, it appeared that a single major process sprouted from the podocyte cell body at the beginning, and foot processes developed from this structure ( Figure 4E ). These results indicate that mTORC1-dependent podocyte injury and the associated pathological phenotypes are reversible upon inactivation of mTORC1 by rapamycin and lowering mTORC1 activity may induce podocyte replenishment. Importantly, however, rapamycin treatment failed to rescue the phenotypes of 8-week-old PcKOTsc1 mice (data not shown), suggesting that once severe podocyte damage had occurred ( Figure 3C ), such as a severe loss of podocytes with sclerotic glomeruli, these changes might not be rescued with rapamycin treatment. Taken together, the results indicate that reduction of mTORC1 activity may rescue both the decrease in podocyte numbers and the dysfunction of filtration barrier when applied prior to a certain threshold. This is consistent with the observations that patients with DN having microalbuminuria can be effectively treated, but overt proteinuria is often refractory to intensive therapies (30, 31) .
High mTORC1 activation in podocytes of adult mice also leads to glomerular sclerosis. PcKOTsc1 mice develop glomerulosclerosis and die due to renal failure by 14 weeks after birth ( Figure 5A ). The causes of early death by 6 weeks may include acute hypovolemic shock due to loss of plasma proteins. We observed massive ascites in these PcKOTsc1 mice (Supplemental Figure 3B ). The levels of serum creatinine concentration but not glutamic pyruvic transaminase (sGPT) activity were significantly elevated above the normal reference range in 8-week-old PcKOTsc1 mice (Supplemental Figure 4 , A and B) (32) . To examine the possibility of strain or genetic background effects on survival and renal phenotype, we also transferred these alleles to the C57BL/6 strain. Although survival was slightly improved for PcKOTsc1 mice in C57BL/6 ( Figure  5A , orange line), they developed proteinuria and glomerulosclerosis at a similar rate (Supplemental Figure 5 , A-C), and all died by 15 weeks of age. Since the glomeruli in young mice are still developing, it is possible that mis-coordination of growth or develop-ment between the podocytes and the other glomerular compartments could be a reason for the phenotypic changes in podocytes in the PcKOTsc1 mice. Moreover, DN normally develops in adults with diabetes. To test whether podocyte mTORC1 activation in adult mice also causes podocyte injury, we treated PcKOTsc1 mice with rapamycin until 15 weeks of age; withdrew the treatment; and monitored proteinuria, histological changes of glomeruli, and survival. Interestingly, these mice rapidly developed proteinuria within 1 week of withdrawal of rapamycin ( Figure 5B ). Seven weeks after withdrawal of rapamycin treatment, the eosin- and PAS-positive components were accumulated in the mesangial area, and the formation of a tuft adhesion to Bowman's capsule was marked, indicative of glomerulosclerosis in PcKOTsc1 mice (Figure 5C ). Furthermore, the trend of the survival curve of these mice was essentially similar to that of young PcKOTsc1 mice not treated with rapamycin ( Figure 5A ). These data indicate that mTORC1 activation in podocytes also causes injury and glomerulopathy in developed glomeruli, suggesting a role of mTORC1 activation in the acquired glomerulopathy.
mTORC1 regulates the localization of slit diaphragm proteins. Dysfunction of slit diaphragm or cytoskeletal proteins in podocytes leads to foot process effacement with proteinuria and is followed by podocyte loss as seen in genetic glomerulopathies (33, 34) . In DN, there are mixed reports regarding slit diaphragm expression of proteins such as nephrin in early diabetic glomeruli, though it seems consistent that nephrin expression is reduced in the later stages of DN, possibly due to the decreased number of podocytes (35) (36) (37) (38) . Since mTORC1 activation in podocytes causes cell-autonomous morphological changes, we hypothesized that mTORC1 activation may inhibit gene expression of the slit diaphragm protein in podocytes. However, mRNA expression of representative slit diaphragm proteins such as nephrin in 3-week-old PcKOTsc1 mice, which have already developed proteinuria, was enhanced compared with that in control mice (Supplemental Figure 2G ). However, immunogold nephrin staining characterized by TEM revealed that nephrin expression at interpodocyte filtration slit areas was largely diminished in PcKOTsc1 mice ( Figure 6A ). We found that total nephrin expression in glomeruli isolated from 3-week-old PcKOTsc1 mice was maintained at levels similar to those in wild-type mice ( Figure 6B ), raising the possibility that nephrin is mislocalized in the PcKOTsc1 podocytes. Consistent with this hypothesis, confocal microscopic analyses revealed that nephrin was predominantly expressed in cytoplasm, with little found on the plasma membrane in the podocytes of PcKOTsc1 mice ( Figure  6C ). Furthermore, nephrin failed to colocalize well with synaptopodin, which is abundant in the vicinity of podocyte membranes in PcKOTsc1 mice. Importantly, nephrin was seen on the plasma membrane and colocalized with synaptopodin in PcKOTsc1 mice treated with rapamycin (from 2 to 3 weeks of age). Together these data suggest that abnormal mTORC1 activation results in mislocalization of nephrin, thereby potentially disrupting the integrity of the slit diaphragm and contributing to the effacement of foot processes and the genesis of proteinuria. We found that podocin was also expressed in cytoplasm in PcKOTsc1 mice (data not shown); however, Neph1 was properly membrane localized, suggesting that mTORC1 activation leads to mislocalization of the specific slit diaphragm proteins (Supplemental Figure 6A ).
To investigate whether this regulation between mTORC1 and nephrin could be observed in vitro, we examined the localization of nephrin in COS7 cells, which normally do not express
Figure 2
Characterization of PcKOTsc1 mice. (A) Enhanced S6 phosphorylation, podocyte hypertrophy, and mesangial expansion in PcKOTsc1 glomeruli. Renal tissues from 4-week-old mice of the indicated genotypes were stained with phospho-S6, WT1, H&E, and PAS as indicated. Representative glomeruli from wild-type, PcKOTsc1 (KO), and rapamycin-treated PcKOTsc1 (KO+rapa) are shown. Rapamycin treatment (1 mg/kg, i.p., 3 times/wk) was performed from 2 to 4 weeks of age. (B) S6 but not Akt phosphorylation was enhanced in PcKOTsc1 glomeruli. Levels of phospho-S6, S6, phospho-Akt (Ser473), and Akt in glomeruli from mice of the indicated genotypes were determined by Western blot. The levels of phosphorylation of each protein were quantified. Data are expressed as fold increase in the ratio of phosphoprotein to total protein. *P < 0.001 versus other groups; mean ± SEM, n = 3. (C) Enhanced matrix protein mRNAs in PcKOTsc1 glomeruli. The expression levels of fibronectin (FN) and type IV collagen (COL4) mRNAs in the indicated mouse glomeruli were determined by quantitative RT-PCR. Data were normalized to Hprt1. *P < 0.001 versus other groups; mean ± SEM, n = 7. (D) Enhanced deposition of the matrix proteins in PcKOTsc1 glomeruli. Representative glomerular images of staining for fibronectin and type IV collagen in the indicated animals are shown. The ratio of positive staining area to glomerular area in the indicated animals was determined (10 glomeruli/mouse, 3 mice/group). *P < 0.001 versus other groups, mean ± SEM. Original magnification, ×400 (A and D).
Figure 3
PcKOTsc1 mice show proteinuria and podocyte loss. (A) Rapamycin treatment prevents proteinuria in PcKOTsc1 mice. Scheme of administration of rapamycin is shown above. Urine (1 μl ) from mice of the indicated genotypes was subjected to SDS-PAGE with Coomassie blue staining (n = 6 each group). veh, vehicle. Asterisk indicates a leak of sample from lane 6. (B) Urinary albumin/creatinine ratio is shown. Urinary albumin and creatinine concentrations in 4-week-old mice were determined by ELISA. *P < 0.001 versus other groups, mean ± SEM, n = 6. Note logarithmic scale for the y axis. Rapamycin treatment was performed from 2 weeks of age as indicated in Figure 2A 
Figure 4
Rapamycin reverses established phenotypes in PcKOTsc1 mice. (A and B) Rapamycin treatment ameliorated the established proteinuria in PcKOTsc1 mice. Proteinuriapositive 4-week-old PcKOTsc1 mice (n = 9) were treated with rapamycin for 2 and 6 weeks. The levels of urinary protein from 9 mice were tested at the indicated time points and visualized by Coomassie staining (n = 9) (A), and the ratio of albumin to creatinine concentration is shown (B). *P < 0.001 versus other groups, mean ± SEM, n = 9; note logarithmic scale for y axis. The ratios for 4-and 10-week-old wild-type mice are also shown. (C) H&E staining of renal tissue from 4-week-old untreated and 10-week-old treated PcKOTsc1 mice (rapamycin treatment for 6 weeks). Eosin-positive area in glomerulus was measured in 30 glomeruli from 4-weekold wild-type and PcKOTsc1 mice as well as 10-weekold treated PcKOTsc1 mice. *P < 0.001 versus other groups, no statistical significance between WT 4 weeks and KO with rapamycin 10 weeks, mean ± SEM, n = 3~5. (D) TEM analyses of 10-weekold PcKOTsc1 mice (rapamycin treatment for 6 weeks). Foot process width at the level of slit diaphragm was measured (20~50 foot processes/ glomerulus, 3 glomeruli/mouse, 3 mice/group). *P < 0.001 versus other groups, mean ± SEM. (E) Scanning EM analyses of 6-week-old PcKOTsc1 mice (rapamycin treatment for 2 weeks). Representative glomerulus from 2 different rapamycin-treated PcKOTsc1 mice is shown. Original magnification, ×400 (C), ×7,900 (D), ×2,000 (E). Scale bars: 10 μm (top row); 2.5 μm (bottom row).
podocyte-specific proteins, by ectopically expressing nephrin and Rheb, a potent mTORC1 activator. Transfected nephrin was localized in both plasma membrane and peri-nuclear regions ( Figure 7A ). As seen in the PcKOTsc1 podocytes, activation of mTORC1 by Rheb resulted in loss of plasma membrane localization of nephrin. Importantly, under these conditions, rapamycin increased nephrin plasma membrane localization. These results suggest that mTORC1 may have a specific role in the regulation of nephrin localization.
To investigate whether nephrin mislocalization is a common pathologic phenotype associated with mTORC1 activation, we examined the pattern of nephrin expression in diabetic animals using confocal microscopy. In nondiabetic (db/+) mice, a majority of nephrin was linearly expressed on the membrane of podocyte foot process. In contrast, nephrin was diffusely expressed and accumulated in some organelles in the cytoplasm in db/db mice podocytes ( Figure 7B ). Rapamycin treatment diminished cytoplasmic nephrin, and almost all of the nephrin was relocated along with plasma mem- brane in foot processes. Consistent with these observations in the mouse model, human nephrin expression in normal subjects exhibited a liner pattern of expression, whereas it showed a more granular pattern with reduction of its membrane expression in human type 2 DN glomeruli ( Figure 7C) . Collectively, the above data indicate that proper control of mTORC1 activity in podocytes is important for maintaining intact localization of certain slit diaphragm proteins. mTORC1 activation converts podocytes to a fibroblastic phenotype and causes podocyte detachment. It has been reported that podocytes display fibroblast-like phenotypic changes and this may cause podocyte loss/detachment in DN (10, (39) (40) (41) (42) (43) . These phenotypes include the expression of desmin and the redistribution of zona occludens-1 (ZO-1). However, the molecular mechanism by which diabetes causes this phenotypic change is not well understood.
Figure 6
Hyperactivation of mTORC1 leads to mislocalization of slit diaphragm proteins. (A) Nephrin expression at interpodocyte filtration slit area is diminished in PcKOTsc1 mice. Representative electron micrographs of immunogold nephrin staining in 3-week-old mice are shown. Number of immunogold particles for nephrin at the slit diaphragm was measured in 290 slit diaphragms from 2 wild-type and 170 slit diaphragms from 2 PcKOTsc1 mice. *P < 0.001 versus wild-type, mean ± SEM. (B) Nephrin and actin expression in the indicated glomeruli were determined by Western blotting. Levels of nephrin expression in the indicated genotypes were quantified (nephrin/actin). Data are expressed as fold increase. P = 0.67, mean ± SEM, n = 3. (C) Nephrin is mislocalized in PcKOTsc1 podocytes. Confocal microscopic analyses of nephrin and synaptopodin expression in the indicated animals (3 weeks old) are shown. Rapamycin treatment was performed for 1 week. Areas indicated by squares in the Merge column are shown at higher magnification in the right two columns. Original magnification, ×13,500 (A), ×400 (C).
Confocal microscopic analyses showed that ZO-1 expression is redistributed in the cytoplasm (loss of liner expression pattern) and desmin is expressed in the cytoplasm of the WT1-positive cells, indicating that podocytes display a fibroblastic phenotypic change in PcKOTsc1 mice ( Figure 8A) . Moreover, rapamycin treatment blocked these phenotypic changes. These results suggest that high mTORC1 signaling may be a potential mechanism for fibroblastic phenotypic changes in the podocytes seen in diabetes. In 4-week-old PcKOTsc1 mice, whose podocyte number was significantly decreased (Figure 3E ), the levels of desmin expression in the remaining podocytes were further enhanced (Supplemental Figure 8, A-D) . This observation suggests that the fibroblast-like phenotypic change in podocytes with desmin expression might be a trigger for podocyte loss. Consistent with this hypothesis, we observed cells expressing podocyte-specific mRNAs such as nephrin and podocin in the urine from PcKOTsc1 mice but not those from wild-type mice, suggestive of a detachment of podocytes from the GBM in PcKOTsc1 mice ( Figure 8B ). However, we did not observe a significant increase in apoptotic cells in PcKOTsc1 mouse glomeruli (data not shown). These observations suggest that mTORC1 activation may induce podocyte loss mainly due to detachment along with epithelial-mesenchymal transition-like (EMT-like) phenotypic changes.
ER stress is an essential factor for podocyte loss in PcKOTsc1 mice. It has been postulated that ER stress is enhanced in tissues such as pancreatic β cells as well as renal tubular and glomerular cells under diabetic conditions (44, 45) . However, the role of diabetes-induced ER stress in podocytes remains unclear. We found that GRP78, which is induced during ER stress, was expressed at higher levels in the podocytes of PcKOTsc1 mice. The accumulation of GRP78 in PcKOTsc1 podocytes was significantly reduced by rapamycin treatment, suggestive of the elevated ER stress being induced by high mTORC1 activity ( Figure 8C ). Proper protein post-translational modifications such as glycosylation and oxidation in the ER are essential for nephrin to localize at the membrane (46); furthermore, it has been reported that ER stress triggers EMT in thyroid cells (47) . To study the role of ER stress in podocyte phenotypic changes in PcKOTsc1 mice, we utilized 4-phenyl butyric acid (PBA), a chemical chaperone that has been used to reduce ER stress in the pancreatic β cells under diabetic conditions (48) . We found that PBA treatment effectively reduced the accumulation of GRP78 ( Figure 8D ) in the podocytes and partially but significantly prevented the loss of podocytes in 8-week-old PcKOTsc1 mice (Figure 8, D and E) . Furthermore, loss of nephrin and synaptopodin expression was moderately restored in PBA-treated 8-weekold PcKOTsc1 mice ( Figure 8D ). These data indicate that high mTORC1-induced ER stress causes podocyte loss in PcKOTsc1 mice. In agreement with this hypothesis, reduction of ER stress with PBA treatment in PcKOTsc1 mice significantly attenuated desmin expression in podocytes (Supplemental Figure 8 , A-D), suggesting that the mTORC1-induced change in podocytes to a fibroblastic phenotype was at least in part due to ER stress. It is worth noting that PBA treatment has little effect on S6 phosphorylation in PcKOTsc1 mouse podocytes (Supplemental Figure 8 , B, C, and E), indicating that unlike rapamycin, PBA only attenuates the mTORC1-induced ER stress pathway. Intriguingly, despite the protective role of PBA in the fibroblastic phenotypic change and loss of podocytes in PcKOTsc1 mice, it had little effect on proteinuria in the course of the treatment in PcKOTsc1 mice ( Figure 8F ). Consistent with this observation, PBA treatment failed to restore nephrin localization to the plasma membrane ( Supplemental Figure 8F) . These data indicate that ER stress induced by mTORC1 activation may contribute to podocyte damage in this model, but does not explain nephrin mislocalization.
Reduction of mTORC1 complex in the podocytes protects the development of DN. The question that logically arises from the above observations is whether inhibition of mTORC1 activation in podocytes alone would be sufficient to prevent DN. To test this hypothesis, we generated podocyte-specific knockout of RAPTOR, an essential component of mTORC1 (49) . Conventional Raptor-KO mice display early embryonic lethality (50); however, podocyte-specific Raptor-KO mice were born at normal Mendelian ratios and grew normally (data not shown). Interestingly, podocyte-specific Raptor-KO mice also display severe proteinuria from an early stage (51), suggesting that basal mTORC1 activity is required for maintaining podocyte function. Therefore, we generated podocyte-specific Raptor-heterozygous mice on a BLKS (db/+) background to create type 2 diabetic animals whose mTORC1 complex is reduced only in podocytes (DM Raptor +/-). DM Raptor +/mice developed obesity and diabetes similar to db/db mice (DM). The levels of blood glucose and urine volume were significantly increased in both DM Raptor +/and DM mice compared with those in control mice (db/+) ( Figure 9, A and B) . However, at 40 weeks of age, the accumulation of PAS-positive components within the mesangial area observed in DM mice was significantly lower in DM Raptor +/mice ( Figure  9 , C and D, and Supplemental Figure 8A ), though the glomerular area in DM Raptor +/mice was not significantly reduced ( Figure  9E ). Importantly, nephrin was properly expressed along the membrane of the podocytes and nicely colocalized with synaptopodin in DM Raptor +/mice ( Figure 9F ). TEM study revealed that DM Raptor +/mice showed a resistance to foot process effacement and GBM thickening (Supplemental Figure 8B) . Consistent with these observations, DM Raptor +/mice showed less proteinuria compared with DM mice ( Figure 9G and Supplemental Figure 8C ). Together our data indicate that mTORC1 activation in podocytes under diabetic conditions is a critical factor for the development of DN.
Discussion
The results presented in this study demonstrate the critical role of site-specific mTORC1 activation in the podocyte in the development of DN. Improper mTORC1 activation in podocytes under diabetic conditions is crucial for podocyte injury and the genesis of proteinuria and may also cause dysfunction of other glomerular cells.
We found that mTORC1 activation was implicated in multiple molecular events in podocytes, including ER stress with a fibroblastic phenotypic change and the mislocalization of slit diaphragm and tight junction proteins. Reduction of mTORC1 activity is important for both lowering ER stress and maintaining intact localization of the slit diaphragm proteins. Interestingly, the reduction of ER stress with PBA, a chemical chaperone, significantly prevented fibroblastic changes in podocytes and their loss; however, it failed to ameliorate mislocalization of slit diaphragm proteins and proteinuria in PcKOTsc1 mice. These data suggest that pathological signaling that leads to proteinuria and podocyte loss may bifurcate downstream of mTORC1 (Supplemental Figure 9 ). Although it has been postulated that ER stress triggers EMT in thyroid and lung epithelial cells (47, 52) , and our data also suggest a role for ER stress in fibroblastic phenotypic changes in PcKOTsc1 podocytes, the precise mechanisms by which reduction of ER stress by PBA prevents EMT-like phenotypic changes as well as podocyte loss in PcKOTsc1 mice remain unclear. Besides its chaperone activity, PBA has a weak inhibitory effect on histone deacetylase (53, 54) . Moreover, phenylacetylglutamine (PAGN), a major metabolite of PBA, functions as an ammonia scavenger and is in clinical use to prevent neuronal cell damage in urea cycle disorders (55, 56) . It is possible that PBA might exert multiple salutary effects for podocyte survival in PcKOTsc1 glomeruli.
In animal studies as well as clinical reports, rapamycin/sirolimus treatment is reported to show both renoprotective and deteriorative effects on proteinuria and/or renal function (57, 58) . Especially in renal transplantation, there is a body of evidence indicating that incidence of proteinuria is increased after conversion from calcineurin inhibitor (CNI) to sirolimus-based immunosuppression therapy, although rapamycin shows less nephrotoxicity. Protein-uria observed in renal allograft recipients treated with sirolimus has both glomerular and tubular origins (59) . As seen in podocyte-specific Raptor- (51) and insulin receptor-KO (Insr-KO) mouse models (60) , it is now evident that the PI3K-mTORC1 function in podocytes is indeed essential for maintaining podocyte function as well as the integrity of the filtration barrier. Therefore, complete inhibition of mTORC1 activity with sirolimus/rapamycin treatment may worsen podocyte function and fail to yield a better clinical outcome. We also observed that prolonged rapamycin treatment occasionally causes atrophy of the renal medulla in mice (data not shown). Given the fact that the levels of rapamycin-sensitive phosphorylated S6 are higher in the tubular region under normal conditions, it is possible that renal tubular epithelial cells require relatively high mTORC1 activity for their constant turnover, and their dysfunction and/or atrophy by prolonged mTORC1 inhibition may cause tubular proteinuria.
In contrast to that in the tubular region, glomerular mTORC1 activity is kept at a very low level in vivo under normal conditions. The reason why mTORC1 activity is suppressed in the glomerulus is uncertain. However, it is conceivable that activation of mTORC1 in podocytes under diabetic conditions may interfere with the maintenance of the elaborate structure of the highly differentiated podocytes and their functions. It is striking that the podocyte bodies are enlarged and the foot process are diminished in PcKOTsc1 mice in a rapamycin-sensitive manner. Importantly, these podocyte morphological changes are not developmentally programmed, but are dynamically regulated by ongoing mTORC1 activity, as seen in the phenotypes of PcKOTsc1 mice with rapamycin on-off or off-on treatments. Although the molecular mechanisms underling mTORC1-dependent dynamic structural changes in podocytes remain unknown, it is intriguing to speculate that they may share common bases with abnormal dendrite formation by mTORC1 activation (61) . Ablation of TSC1 in hippocampal pyramidal neurons or hypothalamic neurons such as proopiomelanocortin (POMC) neurons increases soma size but decreases density of dendritic spines and impairs dendrite projection (62, 63) . Although evidence is limited, disruption of microtubule formation and actin dysorganization may play a critical role for dendrite as well as podocyte injury under mTORC1 activation.
Our study may also evoke an exiting molecular link between mTORC1 and Notch signaling pathway in podocytes. It has been recently reported that elevated mTOR signaling correlates with enhanced Notch signaling in human breast cancer and angiomyolipoma-derived cells (64, 65) . More importantly, activation of Notch1 (ICN1) signaling in podocytes plays a crucial role in the development of DN and focal segmental glomerulosclerosis (FSGS) (66) . Interestingly, an excess activation of Notch1 signaling under pathological conditions causes dendritic atrophy as well as podocyte injury/loss (67, 68) . Furthermore, Notch1 activation induces EMT during cardiac development (69) . Given the fact that TGF-β1 induces active Notch1 in a PI3K-independent manner in podocytes, it is likely that mTORC1 may function upstream of Notch1 signaling in the development of podocyte injury (66) . Future studies will be required to address how mTORC1 activity links to the molecular events described above.
Our study demonstrates important pathological roles of mTORC1 activation in the podocyte for its dysfunction and the development of DN in mouse models. Although evidence showing a pathological role for the mTORC1 pathway in the development of human DN is still limited, there are considerable phenotypic similarities among PcKOTsc1 mice, diabetic animals, and human DN, including podocyte injury, nephrin mislocalization, cytokine expression, mesangial expansion, and proteinuria (36, 70, 71) .
Although it is necessary to explore the functional significance of the mTORC1 pathway in other renal as well as glomerular cells, our study raises the possibility that rapamycin given at low doses, designed to reduce but not abolish mTORC1 activity in podocytes, may significantly rescue podocyte injury and thereby block the development of DN. Our data also suggest that chemical chaperons such as PBA, an FDA-approved drug for management of urea cycle disorders, may warrant attention as a potential therapy for DN.
Methods
Reagents. PBA and rapamycin were purchased from Sigma-Aldrich and LC Laboratories, respectively. Nephrin, neph1, and podocin antibodies were described previously (72, 73) . Guinea pig anti-nephrin antibody (GP-N2, PROGEN Biotechnik) was used for human samples. Phospho-S6 (nos. 4857, 4854, and 2211), S6 (no. 2217), phospho-Akt (Ser473) (no. 4058), and Akt (no. 9272) antibodies were from Cell Signaling Technology. ZO-1 and fibronectin antibodies were from Invitrogen. Type IV collagen antibody was from Millipore. TGF-β (sc-7892) and WT1 (sc-192) antibodies were from Santa Cruz Biotechnology Inc. GRP78 antibody was from Abcam. Angiotensin II Receptor Type-2 antibody was from Alomone Labs. HA mAb was from Covance. Synaptopodin, desmin, actin, and HSP90 Abs were from Geneway Research, Dako, Sigma-Aldrich, and BD Biosciences, respectively. Human nephrin and Rheb cDNAs were described previously (72) .
Human materials. Human kidney biopsy material was collected after receipt of informed consent from the patients, with the protocol approved by the Scientific-Ethical Committee of the Hospital of Milan (Ospedale S. Carlo Borrome). Frozen kidney sections used for the study were those remaining after completion of diagnosis of type 2 diabetic nephropathy class 1, according to the classification previously reported (74) . Control kidneys were from the unaffected pole of tumor nephrectomies.
Figure 8
Hyperactivation of mTORC1 induces ER stress and EMT-like phenotype in podocytes. (A) EMT-like phenotypic changes were induced in PcTSC1KO podocytes. Double staining with desmin and WT1 antibodies was performed in renal tissues from the indicated animals and analyzed by confocal microscopy (top row). Arrowheads indicate desmin expression in the podocytes. Rapamycin treatment was performed for a week. ZO-1 expression was analyzed by confocal microscopy (bottom row). Arrowheads indicate the liner expression pattern of ZO-1. (B) Detection of nephrin and podocin mRNA in PcTSC1KO urinary sediments. Twenty-four-hour urine samples were collected from the indicated animals. RT-PCR was performed using purified mRNA from the sediments. Glomerular mRNA was used as a positive control (p). (C) Accumulation of GRP78 in PcKOTsc1 podocytes (3 weeks of age). Double staining using anti-GRP78 and anti-synaptopodin antibodies in the indicated glomeruli is shown. Rapamycin treatment was performed for 1 week. (D) PBA treatment protects podocyte loss in PcKOTsc1 mice. Staining with GRP78 plus synaptopodin, nephrin, H&E, and WT1 is shown in the indicated animals (8 weeks of age). PBA treatment (400 mg/kg/d, i.p.) was performed for 6 weeks. (E) Podocyte number in the indicated glomerular sections from 8-week-old animals was measured. The ratio (number of WT1-positive cells/glomerular tuft area [μm 2 ]) was determined in 15~30 glomeruli from the indicated animals as in Figure 3E . *P < 0.001 versus other groups, mean ± SEM, n = 4~8. (F) Urinary albumin concentrations were measured in the indicated animals. *P < 0.001 versus other groups; no statistical significance was observed between KO and KO with PBA treatment; mean ± SEM, n = 4~8. Original magnification, ×400 (A, C, and D).
Figure 9
Podocyte-specific Raptor-heterozygous mice show resistance to the development of DN. (A) Podocyte-specific Raptor-heterozygous db/db mice (DM Raptor +/-) develop diabetes to the same extent as control db/db mice. Blood glucose levels in the indicated animals are shown. *P < 0.001 versus DM and DM Raptor +/-; no statistical significance was observed between DM and DM Raptor +/-; mean ± SEM, n = 6~8. (B) Twenty-four-hour urine volume of the indicated animals. Data are expressed as an average of the amount of urine for 3 days. *P < 0.001 versus DM and DM Raptor +/-; no statistical significance was observed between DM and DM Raptor +/-; mean ± SEM, n = 6~8. (C) DM Raptor +/mice show resistance to the development of mesangial expansion. Representative H&E and PAS staining of the mice at 40 weeks of age is shown. (D) PAS-positive mesangial area was quantified using ImageJ software. PAS staining was performed in the indicated renal tissues, and PAS-positive mesangial area of 10-20 glomeruli cut at the vascular pole were measured. *P < 0.001 versus other groups, mean ± SEM, n = 6~8. (E) DM Raptor +/mice developed glomerular hypertrophy. Glomerular area was quantified as described in D. *P < 0.001 versus other groups; no statistical significance was observed between DM and DM Raptor +/-; mean ± SEM, n = 6~8. (F) Decreased RAPTOR dosage prevents nephrin mislocalization in DM mice. Confocal microscopic analyses of nephrin and synaptopodin expression in the indicated animals (40 weeks old) are shown. (G) DM Raptor +/mice show resistance to proteinuria. Urinary albumin and creatinine concentrations were measured in 24-hour urine samples from the indicated animals. Albumin/creatinine ratio is shown. *P < 0.01 versus DM and control, mean ± SEM, n = 6~8. Original magnification, ×400 (C and F).
